Cocaine abuse increases the risk of life-threatening neurological complications such as strokes and seizures. Although the vasoconstricting properties of cocaine underlie its cerebrovascular effects, the mechanisms underlying its neurotoxicity remain incompletely understood. ] i in the brain. The effects of cocaine were compared with those of methylphenidate, which has similar catecholaminergic effects as cocaine (except for serotonin increases) but no local anesthetic properties, and of lidocaine, which has similar local anesthetic effects as cocaine but is devoid of catecholaminergic actions. To control for the hemodynamic effects of cocaine, we assessed the effects of cocaine in animals in which normal blood pressure was maintained by infusion of phenylephrine, and we also measured the effects of transient hypotension (mimicking that induced by cocaine). We show that cocaine induced significant increases (ϳ10 -15%) in [Ca 2ϩ ] i that were independent of its hemodynamic effects and of the anesthetic used (isofluorance or ␣-chloralose). 
Introduction
The abuse of cocaine can lead to transient cerebral ischemia, stroke, and hemorrhages, which are believed to reflect the vasoconstricting effects of cocaine (Volkow et al., 1988; Martin et al., 1994; Johnson et al., 2001; Buttner et al., 2003; Bartzokis et al., 2004; Bolouri et al., 2004; Wilson et al., 2004) . The vasoactive properties of cocaine are well known clinically and are taken advantage of when it is used as a local anesthetic (De et al., 2003) . Indeed, studies have shown that cocaine reduces cerebral blood flow (CBF) and blood volume in human subjects and in laboratory animals (Volkow et al., 1988; Pearlson et al., 1993; Wallace et al., 1996; Schmidt et al., 2006) . Cocaine has multiple pharmacological targets including blockade of the dopamine, serotonin, and norepinephrine transporters (Ritz et al., 1987) that give it its sympathomimetic effects and blockade of sodium channels, which gives it its local anesthetic actions (Gissen et al., 1980) . Cocaine-induced reductions in CBF could reflect (1) direct vasoconstrictive effects elicited via increases in intracellular calcium ([Ca 2ϩ ] i ) in vascular smooth muscle (Zhang et al., 1996) , (2) indirect vasconstriction secondary to increases of sympathomimetic amines, or (3) an indirect consequence of reduced neural activity and metabolic demand attributable to blockade of sodium channels. Additionally, one must also consider the impact of the peripheral hemodynamic effects of cocaine. For example, cocaine elicits an increase in cerebrovascular resistance and a decrease in carotid blood flow (Stankovic et al., 1998) and an increase in blood pressure. In addition, repeated cocaine administration has been shown to increase voltage-sensitive calcium currents in response to membrane depolarization in prefrontal cortex pyramidal neurons (Uchimura and North, 1990; White and Kalivas, 1998; Trantham-Davidson and Lavin, 2004; Nasif et al., 2005) . These data combined with the well known role of intracellular calcium as a "final common pathway to cell death" (Schanne et al., 1979) led us to hypothesize that the toxic effects of cocaine in the brain may in part be related to changes in [Ca 2ϩ ] i . Noninvasive imaging techniques such as positron emission tomography (London et al., 1990; Volkow et al., 1992 Volkow et al., , 1996 and magnetic resonance imaging (MRI) (Breiter et al., 1997; Breiter and Rosen, 1999; Mandeville et al., 2001 ; Lee et al., 2003) have been used to investigate the effects of cocaine in the human brain and in animals. Optical techniques have also been used to monitor the cerebrovascular and functional effects of cocaine in animals (Stankovic et al., 1998; Devonshire et al., 2004; Berwick et al., 2005) . One advantage of optical technology is that it can concurrently detect oxyhemoglobin and deoxyhemoglobin, thereby distinguishing changes in the total hemoglobin concentration and oxygenation (Jobsis, 1977; Chance et al., 1988; Cope and Delpy, 1988) . In addition, fluorescence techniques can directly access [Ca 2ϩ ] i in the brain. Fluorescent indicators (e.g., Rhod2) are administered as acetoxymethyl esters that readily penetrate cell membranes and inside the cell are hydrolyzed to form the calcium-binding indicator, which is membrane impermeable (Grynkiewicz et al., 1985; Minta et al., 1989) . Exposure to light of the appropriate wavelength induces fluorescence emission that depends on [Ca 2ϩ ] i (Del Nido et al., 1998; Du et al., 2001a,b) . Most optical experiments have used either isolated cells or brain slices (Kudo et al., 1992; Takahashi et al., 1993; Helmchen and Waters, 2002) . We recently developed a fiber optic-based optical catheter that enables simultaneous detection of changes in [Ca 2ϩ ] i as well as hemoglobin concentrations and oxygenation from the cortex of the living rat (Du et al., 2005) .
Here, we test the hypothesis that the toxic effects of cocaine are not just the result of its cerebrovascular effects but also its ability to increase [Ca 2ϩ ] i . For this purpose, we use our new optical technique to measure changes in the concentration and oxidation states of hemoglobin, concurrently with Rhod2-Ca fluorescence (representing [Ca 2ϩ ] i ) in the living brain during administration of cocaine. To assess whether the effects of cocaine on [Ca 2ϩ ] i were attributable to its sympathomimetic and/or local anesthetic properties, we compared the response to that of methylphenidate [a drug with sympathomimetic effects similar to cocaine, except for serotonin increases, but with no local anesthetic properties (Volkow et al., 1999) ] and lidocaine [a local anesthetic devoid of catecholaminergic actions (Woodward et al., 1995) ], respectively. In parallel, we also measured cerebral blood volume (CBV), blood pressure, and heart rate to assess whether the increases of cocaine in [Ca 2ϩ ] i in the brain occurred independently of its peripheral hemodynamic changes.
Materials and Methods
Subjects. All experimental procedures were approved by the Institutional Animal Care and Use Committee. Thirty-three female Sprague Dawley rats (250 -350 g) were divided into experimental groups as shown in Table 1 .
Animal preparation. All animals were induced with 3% isoflurane, intubated, and mechanically ventilated (Inspira asv; Harvard Apparatus, Holliston, MA). Anesthesia was maintained with 1.5-2% isoflurane in a 60 -70% O 2 /air mixture. The femoral artery was cannulated for continuous arterial blood pressure monitoring, and the femoral vein was catheterized for administration of drugs. The anesthetized rat was then positioned in a stereotaxic frame (frame number 9; Kopf Instruments, Tujunga, CA), and an ϳ3 mm left craniotomy was made above the area of the parietal cortex, which corresponds in part to the hindlimb somatosensory area (the craniotomy center positioned Ϸ2 mm behind and 2 mm lateral to bregma). The electrocardiogram, intra-arterial blood pressure, respiratory rate, and body temperature were continuously recorded (module 224002; Small Animal Instruments, Stony Brook, NY). Blood gases were monitored regularly to keep PaCO 2 in the range of 30 -45 mmHg during the experiments. Figure 1 A illustrates the schematic of the experimental animal setup, and Fig. 1 B shows an example of the physiological monitoring output in real time. Except for group 2b, all animals were maintained with isoflurane anesthesia at 1.8 -2% during the experimental protocol. In group 2b rats, the anesthesia was switched from isoflurane to ␣-chloralose with careful attention to anesthetic depth and hemodynamics at the time of Rhod2 loading (see below). The ␣-chloralose was delivered through the venous catheter using an initial dose of 40 mg/kg/h, followed by a constant infusion of 27 mg/kg/h. We included this group of animals to ensure that the findings were not attributable to the hemodynamic effects of cocaine in isofluraneanesthetized animals (see below). Rhod2 loading. Fifty micrograms of the fluorescence calcium indicator Rhod2 acetoxymethyl ester (Rhod2/AM) (R-1243; Invitrogen, Eugene, OR) were dissolved in 2 l of dimethylsulfoxide and 440 l of distilled water at room temperature. A 30 g needle attached to a stereotaxic micromanipulator was inserted into the somatosensory cortex 1.2-1.5 mm below the surface at an angle of ϳ45°to the surface with the needle tip starting at the center of the craniotomy. The Rhod2 solution was infused into the brain at a perfusion flow rate of 3 l/min using a microinjection pump (CMA/100; Carnegie Medicine, Stockholm, Sweden). A total volume of 100 l of the Rhod2 solution was infused. After Rhod2 loading, the optical probe was positioned onto the exposed cortex area (Fig. 1 A) , and baseline recordings were made for 60 -80 min.
Experimental protocol. After the optical baseline recordings (to allow for Rhod2 diffusion and hydrolysis), vehicle (group 1), cocaine hydrochloride (groups 2a and 2b), methylphenidate hydrochloride (group 3), or lidocaine hydrochloride (group 4) was quickly injected (Ͻ10 s) via the femoral vein. The intravenous line was flushed with 1 cc of 0.9% NaCl before and after the injection (Fig. 2 B) , which induced transient, small optical signal increases that were later used as temporal "landmarks" to coregister the experiments from individual animals for statistical analysis (see below, Optical data acquisition and analysis). In group 5, exsanguination of 2-3 cc of blood from the arterial line was performed to transiently (Ϸ4 min) reduce the mean arterial blood pressure (MABP) to 40 -50 mmHg. This experimental group was added to mimic the hemodynamic changes (transient mild hypotension to 40 -50 mmHg) that occurred in the isoflurane-anesthetized group 2a rats during the cocaine challenge. Group 6 rats received phenylephrine (0.1-0.3 mg/h) after intravenous cocaine to maintain the MABP within normal limits.
Optical diffusion and fluorescence detection instrument. We used a catheter-based optical diffusion and fluorescence instrument that has been described previously (Du et al., 2005) . Briefly, it consisted of a 150 W xenon lamp, a fast excitation monochromator, and the photocounting detectors for fluorescence (PMT-F) and diffuse reflectance (PMT-A). The lamp was connected to the computer-controlled monochromator to select the incident lights of 548, 555, and 572 nm by timesharing to sequentially deliver the selected lights onto the brain surface through one arm of a Y-shaped bifurcated fiber-optic bundle ( Fig. 1 A) . The fluorescence and the diffuse-reflected light re-emitted from the brain tissue were collected by the fiber optic tip of the common leg and transferred through the outgoing leg of the bundle. After passing through a beam splitter, 5% of the signal intensity was reflected by a dichroic cube for detection by PMT-A, whereas 95% was delivered to PMT-F for fluorescence detection. A bandpass filter centered at 589 nm with Ϯ10 nm bandwidth is placed in front of PMT-F to define the fluorescence emission at 589 nm. A filter cube in front of PMT-F was synchronized with the monochromator to pass the fluorescence emission through while being excited at 548 nm but block the incident light at 555 and 572 nm. The scattered re-emission (i.e., diffuse photon reflection) at 548, 555, and 572 nm from the brain tissue were detected by PMT-A. The signals were digitized and stored in a personal computer for data processing.
Optical data acquisition and analysis. To detect the calcium fluorescence and diffuse reflectance from the cortex, the optical fiber tip was placed in contact with the cortical surface as shown in Figure 1 A. The interface between the fiber optic and the exposed brain surface was filled with gel (Surgical Lubricant Sterile Bacteriostatic; E. Fougera, Melville, NY) to reduce the mismatch in refractive index between optical fiber, air, and brain tissue, thus minimizing the interface specular reflection from the surface of the brain. Figure 2 A illustrates the absorbance and Rhod2 excitation spectra obtained simultaneously from the cortex. The center wavelengths of excitations (referred to as ex1, ex2, and ex3 by dashed lines) and fluorescence emission (referred to as em4 by a dashed dotted line) to be used for time trace acquisitions (Fig. 2 B) were superimposed on the spectra. As shown in Figure 2 A, these wavelengths were remote from the major absorption peaks of hemoglobin (ϳ480 -500 nm), allowing a stronger fluorescence emission because of less attenuation by hemoglobin, thus providing a better signal-to-noise ratio for signal acquisition in vivo.
After the 60 min post-loading Rhod2 period, time traces were recorded for both fluorescence (emitted at em4 ϭ 589 nm while excited at ex1 ϭ 548 nm) and the diffuse reflectance at multiple wavelengths ( ex1 ϭ 548 nm, ex2 ϭ 555 nm, and ex3 ϭ 572 nm). The excitation and diffuse reflectance spectra were monitored periodically. Figure 2 B shows an example of the data acquisition of the fluorescence and the reflectance signals before, during, and after intravenous administration of vehicle Figure 2 . A, Hemoglobin absorbance spectrum and excitation spectra of calcium fluorescence indicator Rhod2 obtained from the surface of rat brain cortex. The vertical lines illustrate the center wavelengths of the excitation (ex1, ex2, and ex3) and fluorescence emission (em4). B, Example of calcium-dependent fluorescence recording along with the reflectance of the excitations from the cortex of the brain simultaneously at those wavelengths in response to drug challenges. AU, Arbitrary units.
and drugs (e.g., cocaine or methylphenidate). Recording was continued for ϳ60 min after drug administration. The two parameters, CBV and hemoglobin oxygenation (S t O 2 ), can be separately distinguished from the reflectance obtained from the cortical surface at the wavelengths of 555 and 572 nm. As has been described previously (Du et al., 2005) , the summation and subtraction of the optical signal densities between these two wavelengths reflected the changes of the hemoglobin concentration (i.e., referring to the change in blood volume) and hemoglobin oxygenation, respectively, as follows:
where ⌬OD ϭ OD after Ϫ OD before is the change in optical density before and after drug administration that was associated with the changes in hemoglobin concentrations; ex2 ϭ 555 nm and ex3 ϭ 572 nm; Hb and HbO are the extinction coefficients of the deoxygenated and oxygenated hemoglobin, which are constant; B is a pathlength factor that accounts for changes in the photon pathlength caused by tissue scattering; and L is the distance between where the light enters the tissue and where the detected light exits the tissue. B and L are assumed not to be changed during the experiments. Therefore, ⌬[BV] and ⌬[HbO] represent the changes in blood volume and oxygenated hemoglobin concentration induced by a given drug (e.g., cocaine, methylphenidate) or other hemodynamic manipulation (e.g., hypotension by exsanguination). Because both wavelengths of 548 nm (for Rhod2 excitation) and 589 nm (for Rhod2-Ca fluorescence emission) are the isosbestic wavelengths of tissue oxygenation as described previously (Du et al., 2001a (Du et al., ,b, 2005 , the influence of the variation in the oxygenation state of tissue on the fluorescence signal was eliminated. Furthermore, to minimize the interference of physiological changes (e.g., blood volume and possible cell swelling) on the Rhod2-calcium fluorescence, a ratio of fluorescent emission at 589 nm over reflected excitation at 548 nm was used as follows:
Thus, the ratio of F em4 over R ex1 represented intracellular calciumdependent fluorescence changes in response to drug challenges or exsanguination. F em4 and R ex1 represent Rhod2 emission at 589 nm ( em4 ) and reflectance at 548 nm ( ex1 ), respectively.
The average signals of the diffuse reflectance and calcium-dependent Rhod2 fluorescence before (ϳ10 min) the vehicle, cocaine, methylphenidate, and lidocaine challenges or exsanguination insult were defined as baseline (100%). All values were expressed as a percentage of baseline Ϯ SEM. Intragroup differences were analyzed with a paired Student's t test, and intergroup differences were analyzed with ANOVA and a post hoc unpaired Student's t test; p Ͻ 0.05 was considered significant.
Results
Effects of cocaine on the MABP, heart rate, and body temperature In the isoflurane-anesthetized rats (group 2a), cocaine induced brief (3-4 min) and transient mild hypotension; the MABP decreased from ϳ62.8 Ϯ 8.5 to ϳ43.8 Ϯ 8.1 mmHg ( p Ͻ 0.01) and also reduced heart rate (318 Ϯ 2.4 to 307 Ϯ 2.1 beats/min (bpm); p Ͻ 0.01) (Fig. 3A) . Both parameters returned to baseline levels by 8 -10 min after injection and remained within normal range for the rest of the recording period. No significant changes in body temperature were observed (Fig. 3A) . In the ␣-chloralose-anesthetized (group 2b) rats, cocaine increased MABP from 93.1 Ϯ 10.3 mmHg (baseline) to 113.2 Ϯ 7.9 mmHg within 2 min after injection ( p Ͻ 0.01), and it rapidly (Ͻ5-6 min) recovered to ϳ100 mmHg; the heart rate decreased slightly (not statistically significant; p Ͼ 0.05) from 351 Ϯ 26.7 to 338 Ϯ 29.7 bpm within the initial 2 min of the injection and increased to 370.3 Ϯ 17.9 bpm at ϳ15 min.
Effects of cocaine on CBV, oxygenation (S t O 2 ), and intracellular calcium (Rhod2-Ca 2؉ ) Isoflurane-anesthetized rats Cocaine induced transient decreases in CBV (Ϫ4.2 Ϯ 1.2%; p Ͻ 0.05) and S t O 2 (Ϫ3.1 Ϯ 0.9%; p Ͻ 0.05) 3-4 min after its injection (Fig. 4 A, B) . CBV and S t O 2 returned to baseline levels at 25 and 16 min after injection, respectively. In contrast, CBV and S t O 2 did not change in response to vehicle challenge in control rats (group 1) (Fig. 5 A, B) . A comparison of the temporal course for the effects of cocaine in CBV (Fig. 4 A) with those in MABP (Fig. 3A) reveals that the decrease in CBV only coincides with the decrease in MABP over the first 3-4 min (e.g., MABP rapidly normalizes whereas CBV persists at a low level of 95% until ϳ15 min when it starts to recover).
Intracellular calcium, as measured by Rhod2-Ca fluorescence (Fig. 4C) , was unchanged for 4 -5 min after the cocaine challenge and gradually increased to a maximum of ϳ10.3 Ϯ 1.3% at 42 min after injection ( Table 2 ). The increase in fluorescence of Rhod2-Ca trended toward a slow recovery after 42 min. In control rats (group 1), Rhod2-Ca fluorescence did not change over time in response to the vehicle challenge (Fig. 5C ).
␣-Chloralose-anesthetized rats
In rats anesthetized with ␣-chloralose (group 2b), cocaine elicited a slow and prolonged increase in CBV and S t O 2 , which reached a peak of Ϸ2-3% above baseline levels at Ϸ25-30 min after the cocaine injection and gradually recovered over 1 h ( Fig. 4 D, E) . Similarly to the isoflurane-anesthetized rats (group 2a) (Fig. 4C) , [Ca 2ϩ ] i also increased excessively in the ␣-chloralose-anesthetized rats after the cocaine challenge, although with a delay of Ϸ10 min (Fig. 4 F, Table 2) ; the cocaineinduced [Ca 2ϩ ] i increase continued for 1 h and reached a plateau (Table 2) .
Cocaine, intracellular calcium, and changes in MABP
To clarify the potential interdependency between the intracellular calcium changes and the systemic hypotension observed in the isoflurane rats, we examined the effect of transient hypotension induced by blood withdrawal on the optical recordings. First, the decrease in MABP induced by blood withdrawal was similar to that induced by cocaine in the isoflurane-anesthetized rats (Ϫ36.4 Ϯ 5.8 vs Ϫ30.3 Ϯ 8.0%) (Fig. 5D) . Second, in response to the mild hypotension, CBV and S t O 2 decreased Ϫ3.2 Ϯ 0.6 and Ϫ0.7 Ϯ 0.5%, respectively (Fig. 5 D, E) . However, unlike cocaine, there was no significant Rhod2-Ca fluorescence increase (Fig.  5F ) along with the decrease in the MABP (Fig. 5D ). This experiment suggests that the intracellular calcium increase observed after the cocaine challenge in the isoflurane-anesthetized rats is neither attributable to the transient hypotensive episode nor to the changes in CBV or S t O 2 . This conclusion is also supported by the consistent cocaine-induced [Ca 2ϩ ] i increases in the ␣-chloralose-anesthetized rats in which MABP is slightly elevated after systemic cocaine (Fig. 3B) .
We also tested the effect of maintaining the MABP within normal range by administering phenylephrine at the time of cocaine exposure to circumvent the transient hypotension observed with cocaine in the isoflurane-anesthetized rats (Fig. 5G) . Interestingly, despite normotension, the cocaine administration still resulted in a decrease in CBV (maximal change, Ϫ8.2 Ϯ 1.3%; p Ͻ 0.05) and an increase in the Rhod2-Ca fluorescence (maxi- mal change, 16.3 Ϯ 2.3%; p Ͻ 0.05) (Fig. 5G,I ). This result also suggests that the changes in intracellular calcium observed during a cocaine challenge are independent of changes in MABP, CBV, and S t O 2 changes.
Physiological changes and cerebral responses induced by methylphenidate
Methylphenidate induced increases in the heart rate that persisted for the 35 min recording period after its administration (Fig. 3C ). In addition, it induced a transient increase in MABP. Peak percentage increases in heart rate and MABP corresponded to 4.0 Ϯ 1.6 and 11.0 Ϯ 6.1%, respectively (Fig. 3C) . The body temperature was unaffected.
Methylphenidate caused a mild decrease in CBV (Ϫ2.0 Ϯ 0.8% at 11 min) but no significant change in S t O 2 (Ϫ1.9 Ϯ 1.2%) (Fig. 4G,H ) . The methylphenidate-induced CBV decrease was lower than that induced by cocaine in the isoflurane-anesthetized rats (group 2a) and persisted for Ͼ40 min ( p Ͻ 0.02). Importantly, the Rhod2-Ca fluorescence was unchanged for ϳ15 min, increased slightly, and reached a peak of 4.2 Ϯ 0.7% (Fig. 4 I) , which was significantly lower ( p Ͻ 0.003) than for cocaine (i.e., 10.3 Ϯ 1.3% as shown in Fig. 4C and Table 2 ).
Physiological changes and cerebral and [Ca 2؉ ] i responses induced by lidocaine
Intravenous lidocaine briefly (2-3 min) decreased the MABP from 88.6 Ϯ 6.1 to 66.9 Ϯ 11.5 mmHg and the heart rate from 349.8 Ϯ 18.5 to 306.2 Ϯ 18.6 bpm within Ϸ1 min (Fig. 3D) . In parallel, CBV and S t O 2 briefly and transiently decreased Ϸ10% (CBV, 10.7 Ϯ 4.3%; S t O 2 , 9.7 Ϯ 4.0%) (Fig. 4, compare J, K ) . Both parameters recovered with a minor overshoot within 3 min. The fluorescence-dependent Ca signal started to increase within 2 min and rose significantly to a maximum of 13.3 Ϯ 2.4% at ϳ50 min after the lidocaine injection (Fig. 4 L) , which was similar to the [Ca 2ϩ ] i increases observed with cocaine ( p Ͼ 0.05).
Discussion
This study provides evidence for the first time in vivo that acute cocaine at a dose used by cocaine abusers for recreational purposes significantly increases the intracellular calcium concentration ([Ca 2ϩ ] i ) in the rodent brain and that these effects are independent of changes in peripheral and central hemodynamics. It also shows that methylphenidate at a dose that is approximately double in potency to that used for cocaine in blocking dopamine and norepinephrine transporters (Han and Gu, 2006) ] i ) Using a novel optical diffusion fluorescence device, we demonstrated for the first time in vivo that an acute cocaine challenge induced increases in [Ca 2ϩ ] i in the brain. We examined the effect of cocaine on the [Ca 2ϩ ] i response in both isoflurane-and ␣-chloralose-anesthetized animals because of the cocaineinduced differences in the hemodynamic profiles with the two anesthetic regimens (see below). As described, in the isofluraneanesthetized animals, the [Ca 2ϩ ] i started to increase Ϸ6 min after cocaine and gradually increased to Ϸ10 -11% above the baseline at ϳ40 min. In the ␣-chloralose-anesthetized animals, cocaine induced an Ϸ14% [Ca 2ϩ ] i increase although it occurred slightly later (Ϸ9 min). It is noteworthy that the cocaine-induced [Ca 2ϩ ] i increase, regardless of anesthetic, was quantitatively larger than that observed in transient (5 min) global ischemia in which it only increases ϳ8.5 Ϯ 1.7% compared with baseline (Du et al., 2005) . In transient cerebral ischemia, there is a clear pathophysiological link between ischemia, calcium transients, and ensuing selective neuronal death (Benveniste et al., 1988) . For example, selective neuronal necrosis that occurs in the brain after short-term (5-15 min) transient ischemia is associated with extracellular calcium decreases (Benveniste et al., 1988) or intracellular calcium increases (Silver and Erecinska, 1990) . Furthermore, inhibition of calcium transients prevents neuronal death after a 10 min ischemic insult (Benveniste et al., 1988) . However, the cocaine-induced [Ca 2ϩ ] i increases observed in this study occur under non-ischemic conditions [ischemia defined here as a CBF of Ͻ20 cc/100 g/min Symon et al., 1977) ] and may explain why direct cell damage has not been documented after acute cocaine administration.
To clarify whether the cocaine-induced increases in [Ca 2ϩ ] i were dependent on hemodynamic changes (i.e., MABP), we measured Rhod2-Ca fluorescence changes under different conditions, (1) during two different anesthesia regimens and (2) in response to exsanguinations, and we also measured CBV, S t O 2 , and Rhod2-Ca changes while we maintained stable blood pressure during the cocaine administration with phenylephrine in isoflurane-anesthetized animals in which cocaine induced brief, transient hypotension. The fact that there was no significant change in Rhod2-Ca fluorescence in response to the transient decrease in blood pressure (Fig. 5F ) suggests that the Rhod2-Ca fluorescence increase was not caused by the peripheral hemodynamic effects of cocaine. Moreover, with stable blood pressures in both ␣-chloralose-anesthetized animals (Fig. 4 F) and in isoflurane-anesthetized animals in which MABP was maintained normal with phenylephrine (Fig. 5G) , cocaine still induced an increase in Rhod2-Ca fluorescence, corroborating the fact that the cocaine-induced [Ca 2ϩ ] i increase occurs independent of changes in peripheral hemodynamics.
An interesting finding from our study is that the increases in [Ca 2ϩ ] i persisted for Ͼ60 min after the cocaine injection, which is a time when the concentration of cocaine in plasma is negligible (Carmona et al., 2005) . Indeed, the half-life for the concentration of cocaine in plasma in the rat is ϳ26 min (Carmona et al., 2005) , which suggests that the increases in [Ca 2ϩ ] i are attributable to a cocaine metabolite that is detectable a long time after cocaine in plasma is no longer present , rather than to cocaine itself. Interestingly, the blockade of cocaine of norepinephrine transporters in the primate heart persists hours after its administration (Fowler et al., 1994) even when the half-life of cocaine in myocardium is ϳ10 min (Volkow et al., 1996) .
In the adult organism, cocaine is metabolized mostly through hydrolysis and enzymatically into its major metabolites, ecgonine methyl ester, benzoylecgonine, and to N-demethylation by cytochrome P-450 enzymes to produce norcocaine (Inaba, 1989) . In humans, the half-life of benzoylecgonine is known to be longer than in rats (Dempsey et al., 1999) and can be detected in the urine for Ͼ96 h (Hamilton et al., 1977) . Like cocaine, benzoylecgonine passes the blood-brain barrier (Spiehler and Reed, 1985) , and both compounds can constrict cerebral arteries (Madden and Powers, 1990) . In fact, benzoylecgonine constricts cerebral arteries more than cocaine (Madden and Powers, 1990) . Thus, given the pharmacokinetic profiles, a potential cocaine metabolite candidate eliciting the [Ca 2ϩ ] i increases observed in this study could be benzoylecgonine. Alternatively, we cannot rule out the possibility that cocaine may induce conformational changes in ion channels that persist after the drug is no longer present in the tissue. Future studies will clarify this issue.
The effects of methylphenidate on [Ca 2؉ ] i Unlike cocaine, acute methylphenidate did not elicit a large increase in Rhod2-Ca-dependent fluorescence (methylphenidate, 4.2 Ϯ 0.7%; cocaine, 10.3 Ϯ 1.3%), and it occurred significantly later (15 vs 6 min) (Table 2) . Methylphenidate, like cocaine, is a dopamine transporter and a norepinephrine transporter inhibitor but differs from cocaine in that it is devoid of local anesthetic actions and does not bind to the serotonin transporter (Ritz et al., 1987) . Thus, the differences between cocaine and methylphenidate in the induction of increases [Ca 2ϩ ] i could be attributable to either the differences in their serotonergic effects or their local anesthetic properties. The fact that lidocaine, which is devoid of catecholamienrgic effects, has similar effects to those of cocaine in increasing [Ca 2ϩ ] i suggests that it is the local anesthetic and not the serotonergic effects of cocaine that underlie its [Ca 2ϩ ] i increases (see below).
The effects of lidocaine on [Ca
2؉ ] i Intravenous lidocaine in a clinical relevant dose elicited similar (10 -13%) [Ca 2ϩ ] i increases to that of cocaine, although they occurred more rapidly (2.2 vs 6.2 min), providing strong evidence that cocaine elicits [Ca 2ϩ ] i increases via its local anesthetic action. It has been known for decades that local anesthetics have the potential to permanently damage the spinal cord (Ferguson and Watkins, 1937; Macdonald and Watkins, 1937) ; however, the mechanism behind their neurotoxic action is still unresolved. Our study demonstrates for the first time in vivo that a local anesthetic (lidocaine) causes [Ca 2ϩ ] i increases in the brain that may explain its potential neurotoxicity, especially when local anesthetics are combined with vasoactive agents such as epinephrine, which is often administered in conjunction with the local anesthetic when used clinically. Interestingly, Gold et al. (1998) have demonstrated in vitro that lidocaine in cultured dorsal root ganglion cells also causes increases in the free intracellular concentration of calcium (see also Kirihara et al., 2003; Sakura et al., 2005) and have suggested that this is involved in its toxic effects. Our in vivo data strongly corroborates the data of Gold et al. (1998) , and future studies with our new optical approach will confirm whether the lidocaine-induced [Ca 2ϩ ] i increases in the brain are also observed in the peripheral nervous system.
The effects of cocaine on CBV and S t O 2
In the isoflurane-anesthetized animals, the initial cocaineinduced decrease in CBV occurred in close temporal correspondence to the decrease in blood pressure (Figs. 3A, 4A) . However, the decrease in CBV persisted after the MABP had recovered. This mismatch between CBV and MABP (i.e., after 8 min) was not confirmed in animals anesthetized with ␣-chloralose in which cocaine induced an increase in both CBV and S t O 2 , whereas MABP was stable and slightly elevated. Therefore, the CBV and S t O 2 response to cocaine is dependent on the anesthetic used. The conflicting hemodynamic responses to cocaine with different anesthetic regimens could explain reported discrepancies in the literature using MRI to investigate the effects of systemic cocaine. For example, using 0.7% halothane, 1 mg/kg cocaine was found to elicit widespread increases in regional CBV using contrast and functional MRI (fMRI) (Marota et al., 2000) . In another study, urethane was used as an anesthetic, and cocaine was found to cause widespread and dosedepended early decreases and later increases in the blood oxygenation level-dependent (BOLD) fMRI signal with intravenous cocaine challenges in the rat brain (Luo et al., 2003) . Recently, isoflurane-anesthetized rats were used, and intravenous cocaine (1 mg/kg) was found to elicit a negative BOLD fMRI signal on the cortical surface (Schmidt et al., 2006) , which is especially relevant for our study because our optical probe only records changes in the cortical surface (1-2 mm) (Du et al., 2005) .
In humans, abusing intravenous cocaine has been shown to reduce regional glucose metabolism in neocortical areas, basal ganglia, and the hippocampus (London et al., 1990) and to reduce global and regional CBF (Johnson et al., 2005) . Studies on the effects of acute cocaine on the BOLD responses of the human brain (cocaine abusers) have been inconsistent with reports of increases in limbic and cortical regions (Breiter et al., 1997) as well as decreases (Risinger et al., 2005) . Our data would suggest that the fMRI signal is negative in the isoflurane-anesthetized rats and positive in the ␣-chloralose-anesthetized rats. However, all of our data are acquired in cocaine-naive rats and cannot be directly compared with the human data acquired in subjects regularly abusing cocaine. It is, however, important to emphasize that the [Ca 2ϩ ] i increases in response to cocaine occur regardless of the anesthetic and hemodynamic response and we are hypothesizing therefore that this would also occur in the human brain contributing to the neurotoxic potential of cocaine.
Optical method used
This study also demonstrates the feasibility of using optical imaging to simultaneously assess CBV, S t O 2 , and [Ca 2ϩ ] i in the rodent brain. Moreover, the optical fluorescence technique used to measure [Ca 2ϩ ] i was not affected by the vascular changes in CBV and S t O 2 attributable to cocaine. Considering the strong optical effects of changing CBV and S t O 2 in the previous ischemia experiments (Du et al., 2005) , it is clear that the strategy to use appropriate wavelengths to measure Rhod2-Ca fluorescence enables reliable measurements of changes (Del Nido et al., 1998; Du et al., 2001a,b) .
Clinical significance
It is well recognized that cocaine abuse is associated with neurological deficits that can be mild and transient such as facial paralysis to severe and irreversible such as permanent tetraplegia (Spivey and Euerle, 1990) . In as much as increases in [Ca 2ϩ ] i are associated with cell death (Schanne et al., 1979) , cocaine-induced increases in [Ca 2ϩ ] i are likely to be clinically relevant, particularly when considering that they occur in parallel to cocaineinduced decreases in MABP, blood volume, tissue oxygenation, and CBF. The increases in [Ca 2ϩ ] i would make the tissue more vulnerable to ischemia secondary to decreases in CBF that would otherwise not induce ischemia and/or cell damage. Cocaineinduced increases in [Ca 2ϩ ] i in brain are also likely to contribute to the pathogenesis of seizure activity, which is one of the most frequent complications associated with cocaine overdoses (Kaye and Darke, 2004) . Indeed, studies have shown that intracellular calcium overload is a hallmark pathological finding after seizure activity (Meldrum, 1986a,b) .
In summary, we show that acute cocaine at a dose used by cocaine abusers for recreational purposes induced large increases in [Ca 2ϩ ] i in the cortex of the rat brain that are independent of its decreases in CBV and in tissue oxygenation. We also document that the mechanism behind the cocaine-induced [Ca 2ϩ ] i increases are related to the local anesthetic actions of cocaine and not its sympathomimetic effects. These findings are clinically relevant because they suggest that the neurotoxic effects of cocaine are directly related to [Ca 2ϩ ] i and support the use of calcium channel blockers as a strategy to minimize brain damage after cocaine abuse.
